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a b s t r a c t
Deep-etched rectangular fused-silica transmission gratings used as orthogonal polarizing beam combiners at
the wavelength of 532 nm are designed based on the modal method. The fabrication tolerances and the
properties of the orthogonal polarizing beam combiners are analyzed by rigorous coupled-wave analysis. It is
shown that these gratings have large fabrication tolerances and good properties when the diffraction
efﬁciencies are greater than 90%. The optimal grating is highly efﬁcient (495%) over broad incidence
condition and also has large fabrication tolerances.
& 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
When the grating period is the order of incident wavelength
and the groove depth is comparable to the period, vector diffrac-
tion theory, for example rigorous coupled-wave analysis (RCWA)
[1,2], is required since scalar diffraction theories are invalid. RCWA
approaches the problem by directly solving Maxwell's equations
and provides the diffraction result of grating accurately. However,
due to its intensive computational requirements, RCWA offers little
opportunity for intuitive insight into the processes have taken
place inside the grating region and cannot be easily applied to
solve the inverse problems of grating. An alternative method for
analyzing the dielectric transmission gratings is through modal
method. The modal method was applied to the diffraction problem
by Botten [3] for the ﬁrst time. Then the work done by Clausnitzer
[4,5] demonstrated the virtue of this method. Afterwards, Zhou
et al. used this method to design many optical components [6,7].
More recently, Zhou et al. used this method to explain more
complicated optical phenomena [8].
Dielectric deep-etched gratings exhibit excellent polarizing
properties, high diffraction efﬁciency and large laser induced
damage. Great efforts have been powered into theoretical design
and practical fabrication for the dielectric deep-etched gratings.
It is reported that dielectric deep-etched grating can be designed
as 1st transmission grating [9], two-port beam splitter [7,10],
dual-function beam splitter [3], total internal reﬂection grating
[11,12] and polarizing beam splitter [13,14]. Based on the reversi-
bility of optical path, it is obvious that, polarizing beam splitter can
also be used as orthogonal polarizing beam combiner. Orthogonal
polarizing beam combiner has many applications, for example it
can be used in laser projection systems. When the two orthogonal
polarized green lasers are combined, not only the laser energy is
doubled but also the laser speckle is reduced which is a problem in
laser projection systems [15]. The traditional method for orthogo-
nal polarizing beam combining used by natural birefringence
crystal is cumbersome. More recently, materials of nanostructure
show good polarization properties and it was reported that the
embedded metal-wire nanograting was used as polarizing beam
combiner [16]. In this paper, we designed sub-wavelength fused-
silica transmission gratings used as two orthogonal polarizing
beam combiners. In addition, fabrication tolerances and properties
of the orthogonal polarizing beam combiners are analyzed by
using RCWA.
2. Gratings design based on the modal method
Fig. 1(a) and (b) shows two kinds of schematic diagram of
orthogonal polarizing beam combined sub-wavelength transmission
gratings with period Λ, groove depth h, ridge width b and duty cycle
f which is deﬁned as f ¼ b=Λ. The wavelength of two incident lights
is λ¼ 532 nm and the diffraction angle is θO. The incident angle of TE
polarization (the electric ﬁeld vector perpendicular to the plane of
incidence) and TM polarization (the electric ﬁeld vector parallel to
the plane of incidence) light are θTE and θTM , respectively, which are
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equal to Littrow mounting incident angle, i.e.:
jθTEj ¼ jθTM j ¼ jθOj ¼ jθLMj ¼ arcsinðλ=ð2ΛÞÞ ð1Þ
Modal method can provide a simple understanding of what has
taken place inside the grating area. In low index material such as
fused-silica, when the sub-wavelength grating is illuminated
under Littrow mounting, there exist two propagating grating
modes (mode 0 and mode 1). The diffraction efﬁciency of the
diffraction order (0th order and 1st order) determined by
the interference of this two propagating grating modes. When
the incident waves are TE and TM polarization, each of them will
split into two propagating modes inside the grating area, respec-
tively. The diffraction efﬁciency of the 1st order determined by
the two modes interference which can be expressed by [6]:
η1 ¼ sin 2ðΔφ=2Þ; Δφ¼ ðnef f0nef f1Þk0h¼ 2πðnef f0nef f1Þh=λ ð2Þ
where nef f0 and nef f1 are the effective indices of the mode 0 and
mode 1, which can be calculated by solving the corresponding
eigen-function. And Δφ is the phase difference of the two
propagating modes. Since eigen-functions of grating modes are
different for TE and TM polarization, diffraction results for the TE
and TM polarization will be different. If the following formulas [17]
are satisﬁed:
ΔφTE ¼ ð2mþ1Þπ; ΔφTM ¼ 2nπ ðm; n¼ 0; 1; 2…Þ ð3Þ
Or:
ΔφTM ¼ ð2mþ1Þπ; ΔφTE ¼ 2nπ ðm; n¼ 0; 1; 2 …Þ ð4Þ
the diffraction results will be the same as in Fig. 1(a) or (b).
Therefore, the orthogonal polarizing beam combiner will be
generated.
Fig. 1. Schematic diagram of orthogonal polarizing beam combined sub-wavelength transmission grating: (a) TM/TE diffract to 0th/1st order, (b) TM/TE diffract to 1st/
0th order.
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Fig. 2. Effective index of the two propagating modes as a function of the grating periods: (a) effective index; (b) effective index difference; (c) ratio of effective index
difference.
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The corresponding eigen-value equation for TE polarization is
given by [4]:
cos ðαΛÞ ¼ cos ðβfΛÞ cos ðγð1 f ÞΛÞβ
2þγ2
2βγ
sin ðβfΛÞ sin ðγð1 f ÞΛÞ
ð5Þ
where
α¼ k0 sin θTE ; β¼ k0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2bn2ef f
q
; γ ¼ k0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2gn2ef f
q
; ð6Þ
nb ¼ 1:46071 and ng ¼ 1:0 are ridge and groove refractive indices,
respectively. For the case of Littrow mounting incidence,
cos αΛ¼ 1. And for TM polarization, the eigen-value equation
is as following:
cos ðαΛÞ ¼ cos ðð1 f ÞγΛÞ cos ðf βΛÞn
4
bγ
2þn4gβ2
2n2bn
2
gβγ
sin ðð1 f ÞγΛÞ sin ðf βΛÞ
ð7Þ
For the case of easy fabrication, the ﬁll factor of 0.5 is assumed.
Eqs. (5) and (7) imply that the effective index of the two
propagating modes is a function of the grating periods, which
can be shown in Fig. 2(a). Fig. 2(b) shows that the effective index
difference is as a function of the grating periods, which indicates
that the effective index difference of TM is always less than the
effective index difference of TE. From Eq. (2), we can see that the
larger phase difference is, the larger groove depth is, and the more
difﬁcult fabrication will be. So we choose four low phase differ-
ences as in Table 1. Fig. 2(c) shows that the ratio of effective index
difference (the effective index difference of TM polarization
divides by the effective index difference of TE polarization) is a
function of grating periods. The horizontal lines, in Fig. 2(c),
represent the ratio of effective index difference which are equal
to the ratio of phase difference given by Table 1. There are four
intersections (A, B, C and D), as shown in Fig. 2(c), which present
the corresponding grating periods. By combining the grating
periods with Eqs. (1) and (2) we can calculate incident angles
and groove depths, respectively. Then we can get four kinds of
gratings (grating A, B, C and D), and all of these data are also listed
in Table 1.
3. Fabrication tolerances and properties of the gratings
In Section 2, we designed polarizing beam combiners based on
modal method, and got four kinds of gratings. In this section, we
will analyze fabrication tolerances and properties of these gratings
by using RCWA. Fig. 3(a)–(d) show that the 0th or 1st diffraction
efﬁciencies for the TE or TM polarization is a function of the
groove depths. The vertical lines in the ﬁgures represent advised
groove depths given by Table 1. These lines intersect diffraction
efﬁciencies curves at points show diffraction efﬁciencies of advised
groove depth. From these intersection points we can see that,
diffraction efﬁciency for the 1st TE polarization of grating A is
only 90.8%, however diffraction efﬁciencies for the interested
order of other gratings (B, C and D) are greater than 97%. The
horizontal lines in the ﬁgures represent diffraction efﬁciency of
Table 1
The phase difference and grating parameters of orthogonal polarizing beam
combiner.
Gratings A B C D
Phase difference, TM 0 π 2π 3π
Phase difference, TE π 2π 3π 4π
Phase difference ratio 0 1/2 2/3 3/4
Period (μm) 0.301 0.406 0.466 0.506
Incidence angle (1) 62.239 40.933 34.807 31.715
Groove depth (μm) 0.6483 1.5962 2.5934 3.6080
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Fig. 3. Diffraction efﬁciencies of gratings as a function of groove depths: (a) grating A; (b) grating B; (c) grating C; (d) grating D.
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90%. Therefore, we can calculate the fabrication tolerances of
groove depth when the diffraction efﬁciencies are greater than
90%. By the same method, we can get the fabrication tolerances of
grating period and grating ﬁll factor when the diffraction efﬁcien-
cies are greater than 90%. Also we can plot ﬁgures of diffraction
efﬁciency as a function of incident angle and incident wavelength,
then gain properties of gratings. All of these data are listed in
Table 2.
From Table 2, we can see that all of these four gratings show
large fabrication tolerances and good properties if the diffraction
efﬁciency is greater than 90%. However, compared with grating B
had the advised diffraction efﬁciency greater than 97.5%, grating A
Table 2
Fabrication tolerances and properties of polarizing beam combiner for diffraction efﬁciency greater than 90%.
Gratings A B C D
Groove depth (nm) 574.6–658.7 1509–1711 2446–2697 3422–3697
Grating ﬁll factor 0.39–0.51 0.43–0.55 0.46–0.54 0.48–0.53
Grating period (nm) 289.3–302.7 388.7–427.0 439.0–496.0 481.7–528.7
Incident angle (1) 56.7–63.6 38.0–43.7 30.2–39.4 28.5–35.0
Incident wavelength (nm) 529.5–553.5 510.5–554.5 513.8–563.3 520.2–555.3
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Fig. 4. Fabrication tolerances and properties of the grating B, diffraction efﬁciency as a function of: (a) groove depths; (b) grating periods; (c) grating ﬁll factors; (d) incidence
angles; (e) incidence wavelengths.
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only had 90.8%. Furthermore the groove depth of grating C and D
are around 2.5934 μm and 3.6080 μm, respectively, while that of
the grating B is 1.5962 μm. Obviously, grating B, with the period
width 0.406 μm and the groove depth 1.5962 μm, is the optimal
grating.
The optimal grating (grating B) can present large fabrication
tolerances and good properties, even though the diffraction
efﬁciency is greater than 95%, which can be shown in Fig. 4
(a)–(e). The vertical lines in the ﬁgures represent the advised
groove depths given by Table 1 and the horizontal lines in the
ﬁgures represent the diffraction efﬁciency of 95%. Fig. 4(a)–
(c) shown that, the fabrication tolerance of groove depth,
grating period and ﬁll factor are 0.110 μm (varying between
1.555 μm and 1.665 μm), 21.3 nm (varying between 395.0 nm
and 416.3 nm) and 0.07 (varying between 0.46 and 0.53),
respectively. Fig. 4(d) and (e) shown that, the divergence of
incident angle and incident wavelength are 3.21 (varying
between 39.31 and 42.51) and 20.0 nm (varying between
519.7 nm and 539.7 nm), respectively.
4. Conclusion
In this paper, the sub-wavelength fused-silica rectangular
transmission gratings used as the orthogonal polarizing beam
combiners at the wavelength of 532 nm is designed based on
the modal method. The fabrication tolerances and the properties
of the orthogonal polarizing beam combiners are analyzed by
using RCWA method. It is shown that all of these gratings have
large fabrication tolerances and excellent properties. The optimal
grating can achieve diffraction efﬁciency greater than 95% with
large fabrication tolerances and good properties. Polarizing beam
combiners at other wavelength can also be designed and analyzed
by using the same methods as described in this paper.
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